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Abstract. In industrial design different knowledge, competences and expertise need to be
shared among design experts and different viewpoints need to be integrated in order to achieve
the main design objective: designing an innovative and successful product. Nowadays boundaries
are no longer limited to the single company but comprehend numerous partners and act world-
wide according to the concept of the extended enterprise (EE). As a consequence, design as-
sumes a highly collaborative and dislocated character (co-design) and collaboration becomes cru-
cial to realize high quality products and services. Different types of digital technologies and ICT
tools can be adopted to support the design process by improving communication within the de-
sign team, facilitating interaction with different product representations, reproducing traditional
face-to-face activities also in remote modalities, and efficiently sharing data along the whole
product development. However, available technologies are not widely used because selection is a
crucial task and the correlation with the achieved-achievable benefits is difficult to define.

This thesis falls in such a scenario and deals with innovative methods and tools for collabora-
tive design. In particular, it analyses collaboration from multiple viewpoints by considering both
human factors and system performances, and proposes a structured methodology to assess the
quality of co-design processes in multidisciplinary and distributed teams. Such a method is ap-
plied to different contexts for technological benchmarking, to define the most proper tools able
to support a specific use, and for system evaluation, to assess the collaboration quality in medi-
ated processes. The proposed method has been applied to numerous industrial cases and the
most significant examples are described. Experimental studies allow highlighting the main limits
of actual applications and defining a new interaction paradigm able to represent the EE needs
and novel guidelines for innovative collaborative environments.

Keywords. Collaborative Product Design (CPD), Computer Supported Cooperative Work in
Design (CSCWD), Human-Computer Interaction (HCI), Virtual Reality (VR).
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1 Problem statement and objectives

Collaborative design environments represent a fairly recent concept that had quickly spread
in product design. They basically refer to a new way of performing traditional design activi-
ties by adopting physical or virtual spaces where people collaboratively work together on
physical or virtual models as product representations. Nowadays such environments are
necessary to satisfy modern markets needs and produce complex and high quality products,
which imply multidisciplinary actions. These characteristics directly derive from the new
scenario of extended enterprise (EE) [1], which makes the design context geographically
distributed, particularly heterogeneous and strongly dynamic. As a result, complicated in-
teractions among multidisciplinary design teams including cooperation, coordination, and
communication are necessary [2]. During collaborative design team members should ex-
plore their own knowledge and expertise and integrate different views to achieve the final
common objective: the new product to be designed [3].

Team working is highly multi-functional and inter-company: collaboration among people
and integration of knowledge, data, processes and practices become inevitable [4]. When
the design team is distributed, virtual collaborative environments are necessary to connect
people and knowledge. Design reviews (DRs) are the most critical moments during the
whole product development. During DRs specialists of different disciplines actually work
together on the same product data to monitor specific design aspects at time, focus on spe-
cific issues, find feasible solutions, share information and knowledge and finally assess dif-
ferent alternatives. As team members usually have different abilities, different priorities in
their own work and conflicting viewpoints about product attributes, collaboration is not a
trivial task [5].

Such a scenario triggers research toward the development of new methods and tools for
managing collaborative virtual teamwork. In order to realize successful co-design, direct
observation suggests that three main aspects should be optimized: how design team mem-
bers work together and interact each others, how product representations are perceived
during design reviews by each member of the design team, and how supporting tools affect
team collaboration and product perception during multidisciplinary reviews. They respec-
tively refer to three main areas: human-human, human-product and human-computer
interaction. Numerous methods and tools for managing design activities in distributed
teamwork have been defined in recent years to improve collaboration. However, they are
not diffused nor usefully exploited in industry, especially when Small and Medium enter-
prises (SMEs) are involved in large networks of companies. Main problems concern the
tools selection and the evaluation of potential benefits [6].

The present research work aims at finding a synthesis among all collaborative issues by in-
vestigating design collaboration, studying the application of supporting technologies in in-
dustrial design and defining advanced co-design tools able to improve collaboration and
realize effective collaborative environments.
The research goals can be summed up into three main points:
- Definition of effective collaborative environments according to the specific con-
text of use, in order to properly sustain both people communication and know-
ledge management in respect of the collaboration requirements;
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- Quantification of the achieved benefits in collaborative process activities by
measurable parameters;

- Elaboration of a new strategic approach to design collaboration and definition of
a roadmap for future developments in co-design.

2 Research planning and activities

The research program consists of three main parts: 1) investigation of human interactions
and cognitive actions during DRs and analysis of technology mediation, 2) definition of a
goal-oriented methodology to achieve the research goals, 3) experimental application of the
proposed method to different design context and analysis of the obtained results.

Firstly, human interactions during DR activities are analysed by considering the relation-
ships among human beings (human-human), between humans and product representations
(human-product) and between humans and technology (human-computer). Human-human
interaction is investigated by considering the cognitive models of human communication
[7,8] and the main promoting factors within the design team [9,10]. Human-product inter-
action considers the human perception theories [11] to define how individuals perceive
products. Human-computer interaction considers the theories of mediated communication
and the main affecting factors [7,12] to understand how human-human and human-
product interactions are affected by the technological support. A general framework to de-
scribe such an influence is drawn (Fig.1).
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Figure 1. Conceptual frameworks representing mediated interaction in product design

The research is then taken the field by analyzing an industrial inter-companies network, the
CO-ENV Consortium (www.coenv.it). It has been closely investigated to comprehend how
companies actually collaborate in real projects and which aspects characterize human inter-
action by different points of view. By means of the performed analysis, traditional collabor-
ation patterns are replaced by a network-based interaction mode. Furthermore, different
forms of collaboration have been recognized depending on the design tasks (conceptual
design collaboration, advanced design collaboration, interplay collaboration) and the time-
space domain (synchronous, asynchronous, co-located, remote). For each of them, the
main collaborative issues have been described.

The core of this PhD research is the proposed methodology. It allows to analyze collabor-
ative processes for different purposes and to assess human collaboration in various scen-
arios. It can be adopted for benchmarking different technologies as well as evaluating per-
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formance of specific applications and comparing the quality in use. It can be defined goal-
oriented as it has a fixed structure and application procedure but it can be adapted by dif-
ferent situations on the basis of the specific goal. Furthermore, it exploits QFD and HoQ
[13] to progressively correlate the main significant aspects considered (collaboration forms
or dimensions, evaluation heuristics and metrics, co-design functionalities, project tasks,
objective and subjective experimental data from users, etc.) and quantify them by adopting
interrelated matrices. Methodology can be summed up into six steps (Fig.2).
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Figure 2. The QFD-based method’s overview for benchmarking and testing co-design
tools and evaluating design collaboration

The methodology has then applied to the three forms of interaction considered: human-
human, human-product and human-computer interaction. In each case, final purposes are
different so method application also differs in the selected tasks, heuristics, evaluation met-
rics, benchmarking weights, design activities under investigation, etc. As a consequence,
three classes of metrics are defined for each case:

a. Heuristics/metrics of design collaboration able to assess collaborative design quality
(human-human). They are full described in a research work [5];

b. Heuristics/metrics of product impression able to investigate the quality of product pet-
ception during collaborative DRs (human-product). They are described in few research
works [14,15];

c. Tasks/metrics of team collaboration able to assess collaborative teamwork quality (hu-
man-computer). Measurement approach and metrics are described in few research
works [6,106].
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The main experimental applications refer to the following topics:

1. Definition of a complex collaborative platform for supporting co-design within the CO-
ENV Consortium. This study aims at defining the most proper system architecture ac-
cording to the CO-ENV requirements and evaluating the teamwork performances in
manufacturing EE. Final goal has been achieved by applying both benchmarking and
evaluation protocol and heuristics/metrics of team collaboration. About testing modali-
ties, experts from University and Industry have been involved for benchmarking and all
the CO-ENV Consortium companies for experimentation. Results consisted of: identi-
fication of a set of suitable co-design modules (1) [6], system implementation (2) [17,18]
and evaluation of performance in use/quality of team collaboration (3) [16].
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Figure 3. The CO-ENV co-design platform: definition of the system architecture (on the
left) and team working evaluation on real co-design projects (on the right).

2. Investigation of human collaboration in design reviews. In particular, two studies have
been developed to analyse team working in both co-located and remote meetings. They
are based on the application of heuristics/metrics of design collaboration, the direct
observation of users at work and monitoring by Diary Study and Interaction Analysis.
Concerning the analysis of remote DRs, three different systems have been compared in
different contexts of use and collaboration quality objectified [19,120]. About co-
located DRs, traditional and VR-based envitronments have been tested in order to
compare collaborative design practice by objective indicators [5].

VR-BASED DRs SET-UP

TRADITIONAL DRs SET-UP

look back to audience {d) {UCS ITC) i-i S J Total @ tew

Figure 4. Examples of co-design environments’ experimentation during remote (on the
left) and co-located (on the right) design reviews

3. Evaluation of human-product interaction during DRs. In this context two different
studies have been developed: the former concerns with the analysis of product
perception during DRs by adopting different prototyping techniques (traditional, VR-
based and sample-based); the latter is focused on usability tests by adopting different
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prototypes of interactive interfaces (RP-based, VR-based, MR-based and SW
simulation). The first one has been realized in house-hold appliaces field in
collaboration with Indesit Company [14], while the second one interested wellness
products, in particular remote controls and has been realized in collaboration with
Teuco Guzzini [21]. In both cases results refer to: the assessment of the protocol
metrics and the definition of their degree of relevance, the identification of the best
perceived design solutions, the assessment of product usability assessment within
different prototyping environments and the comparison between the performance
obtained, the correlation between metrics and product properties.
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Figure 5. Comparison of different prototyping set-ups (on the left) and product usability
assessment according to the proposed protocol (on the right)

For each case study, the specific experimental protocol, the experimental modalities, the
adopted investigation techniques, the elaboration of testing results and the final results dis-
cussion are detailed in the PhD thesis.

3 Analysis and discussion of main results

The research activity ended with the critical discussion of the experimentation’s findings
and the definition of a new paradigm of interaction to enhance collaborative design. On
the basis of the actual limitations, the author defines a strategic roadmap for future applica-
tions and a list of functional requirements for developing an innovative supporting tool and
achieving ideal collaboration. In particular, the new system idea is based on a novel model
of human interaction, the open-chain collaboration, an original knowledge structure, based
on the cobweb model, and a new approach to product knowledge representation, based of
the exchanging nodes as places of interaction (Fig.6). The new system concept aims at
overcoming the limits of actual models and tools and paving the way to innovative col-
laborative environments.

This thesis includes an innovative method for supporting the definition and the validation
of collaborative environments for product design and an original framework to address fu-
ture developments. The main original contributions can be sum up as follows:
-use of cognitive models of communication to investigate both human-human interac-
tions and product perception and design experience;
-adoption of cognitive and human-oriented viewpoint in the analysis of design review
process and human interaction mechanisms, instead of traditional functional and
process-oriented analysis;
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-combination of teamwork analysis with emotional and cognitive aspects in the proto-
col metrics definition. It allows to better analyze collaboration by overcoming tradi-
tional approaches that are mainly focused on performance;

-application of QFD and House of Quality techniques for investigating and especially
objectifying design collaboration;

-definition of a new mode of interaction for inter-company collaboration based on
open-chain collaboration and an innovative cobweb model to conceptualize a fu-
ture system architecture. The first upsets the concept of industrial chains in virtue
of an open and agile collaboration style, the latter renews traditional network-based
models, proposes a novel way to organize the design knowledge in multi-company
environments and introduce additional co-design functionalities.
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Figure 6. The new model of interaction proposed for supporting co-design

4 Conclusions

The PhD research work faces design collaboration in industrial product design from multi-
ple perspectives: it deals with numerous and complex issues, it focuses on different aspects
of design communication and it investigates several and various real applications in prac-
tice. The activity was intense and pursy, and concluding is not easy.

Despite the variety of tools available to perform cooperative work and share product data,
it can be concluded that design collaboration is still not fully supported. Furthermore,
tools’ selection and customization are crucial activities in order to use performing and prof-
itable technologies and effectively generate high quality products in respect of time and
cost constraints. In order to support extended enterprises and design teamwork, the author
defined and applied a novel methodology to fill the gap between available co-design tech-
nologies and successful applications. Collaboration is analyzed by focusing not only on per-
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formance, but also on cognitive aspects, human factors and interaction issues. As a result,

an innovative interaction paradigm to represent design collaboration is defined to guide fu-
ture research developments.
This thesis presents some interesting novelties concerning the approach used in analyz-

ing design communication and human relationships, the concept of a goal-oriented meth-
odology that can be customized for different application depending on the specific scopes,
and the modelling of human interactions during co-design activities.
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